Chlamydomonas reinhardtii cells are surrounded by a mixture of hydroxyprolin-rich glycoproteins consisting of L-arabinose, D-galactose, D-glucose, and D-mannose residues. The L-arabinose residue is thought to be attached by a transfer of UDP-L-arabinofuranose (UDPAraf), which is produced from UDP-L-arabinopyranose (UDP-Arap) by UDP-arabinopyranose mutase (UAM). UAM was purified from the cytosol to determine the involvement of C. reinhardtii UAM (CrUAM) in glycoprotein synthesis. CrUAM was purified 94-fold to electrophoretic homogeneity by hydrophobic and sizeexclusion chromatography. CrUAM catalyzed the reversible conversion between UDP-Arap and UDP-Araf and exhibited autoglycosylation activity when UDP-D-[ 14 C]glucose was added as substrate. Compared to the properties of native and recombinant CrUAM overexpressed in Escherichia coli, native CrUAM showed a higher affinity for UDP-Arap than recombinant CrUAM did. This increased affinity for UDP-Arap might have been caused by post-translational modifications that occur in eukaryotes but not in prokaryotes.
Chlamydomonas reinhardtii is a photoautotrophic microorganism that fixes CO 2 and accumulates polysaccharides, mainly starch, in a multilayered cell-wall complex. 1, 2) Chlamydomonas species are easy to culture at high yield in low-cost photobioreactors or unused aquatic zones with unlimited sunlight. Hence several C. reinhardtii strains have been developed for bioremediation and biofuel production. [3] [4] [5] [6] Despite many reports detailing the photosynthesis, cell cycle, and genomics of C. reinhardtii, the mechanism of cell-wall biosynthesis remains poorly understood. Understanding this mechanism, which includes characterization of the enzymes involved in cell-wall biosynthesis, is essential to understand cell growth. This knowledge can also be applied to make modifications to cells to enhance productivity.
The cell wall of C. reinhardtii consists of hydroxyprolin-rich glycoproteins. Various hydroxyprolin-rich glycoproteins have been isolated from land plants, including mosses and ferns, as well as from green algae. The structures of hydroxyprolin-rich glycoproteins can be elucidated by analyzing glycosyl compositions and via glycosyl linkage analysis. [7] [8] [9] The glycoproteins of Chlamydomonas contain L-arabinose and D-galactose residues as the main sugars. The arabinosyl residues exist in furanose forms with (1, 2) and (1,3) linkages. [10] [11] [12] [13] Biosynthesis of these glycosyl residues in hydroxyprolin-rich glycoproteins occurs by the successive addition of nucleotide sugars catalyzed by glycosyltransferases. 14) Although a few of the glycosyltransferases involved in the biosynthesis of extensin, a member of the hydroxyprolin-rich glycoprotein family, have been identified in Arabidopsis, 15, 16) the enzymes involved in the biosynthesis of hydroxyprolin-rich glycoproteins in Chlamydomonas cell walls remain unknown. The cell walls of land plants form arabinofuranosyl residues from UDP-L-arabinofuranose (UDPAraf), but not from UDP-L-arabinopyranose (UDPArap), and UDP-Araf is formed from UDP-Arap by the action of UDP-L-arabinopyranose mutase (UAM). 17, 18) UAM is a protein identical to reversibly glycosylated polypeptides (RGPs). RGP was first found to catalyze the process of autoglycosylation by which UDP-D-[
14 C]glucose (UDP-[ 14 C]Glc) is incorporated into the protein. 19, 20) As RGPs interact with the glucose moiety of UDP-D-glucose (UDP-Glc) by a covalent bond, RGPs have been implicated in polysaccharide biosynthesis as initiator.
21) The UAM and RGP genes are found in various plants including rice, Arabidopsis, moss, and microalgae, 18) and these genes form a multigene family, for example, three and five genes in rice and Arabidopsis respectively. C. reinhardtii appears to possess only a single gene coding for a UAM homolog. The present report details the identification and the characterization of UAM in C. reinhardtii cells (CrUAM). The enzyme was purified to electrophoretic homogeneity by hydrophobic and size-exclusion chromatography, and was identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The comparative enzymatic properties of native and recombinant CrUAM are also described.
Materials and Methods
Growth conditions. Chlamydomonas reinhardtii wild-type strain cc125+ (mt+) was grown in tris-acetate-phosphate (TAP) medium 22) at 25 C under a 12 h dark/12 h light (25 mmol photon m À2 s À1 ) cycle. Cells at late logarithmic phase (5{6 Â 10 6 cells mL À1 ) were harvested by centrifugation (2;250 Â g, 10 min) and stored at À80 C.
Fractionation of protein. Clamydomonas cells were sonicated and centrifuged at 1;000 Â g for 5 min. The resulting pellet was collected as the cell-wall fraction. The supernatant was ultracentrifuged at 100;000 Â g for 70 min. The pellet and the supernatant were collected as microsome and cytosol fractions respectively. All procedures were conducted at 4 C.
Enzyme assay. UAM activity was determined as described previously, 18) with a minor modification. The reaction mixture (5 mL) contained 1 mM UDP-Arap or UDP-Araf, 5 mM MnCl 2 , and the protein in 50 mM MES/KOH buffer (pH 6.0). After incubation for 5 min at 25 C, the reaction was stopped by adding 2 volumes of ethanol and heating at 100 C for 3 min. The reaction products were separated by HPLC with a CarboPac PA-1 column (4 Â 250 mm, Dionex, Tokyo), as described previously.
18) The amounts of UDP-Araf and UDP-Arap were estimated from the chromatographic peak areas based on a UDPGlc calibration curve. One unit of enzyme activity was defined as the amount of enzyme forming 1 mmol UDP-Arap or UDP-Araf per min. To determine kinetic parameters, the activities of the native and the recombinant CrUAM were measured at various concentrations of UDP-sugars from 0.025 to 5.0 mM.
RGP activity was determined as autoglycosylation activity, as described previously. 18 23) and radioactively labeled proteins were detected by autoradiography.
Purification of UAM from C. reinhardtii. The cytosol fraction of the C. reinhardtii cells, prepared as described above, was applied onto a Butyl Toyoperl 650-M column (2:5 Â 20 cm, Tosoh, Tokyo) that had been equilibrated with 20 mM phosphate buffer (pH 6.8), and was eluted with a linear gradient of 0.5-0 M ammonium sulfate in 20 mM phosphate buffer (pH 6.8). UAM activity was determined by measuring the amount of UDP-Arap that formed from UDP-Araf. The active fractions were pooled and brought to 70% saturation with ammonium sulfate. After centrifugation at 18;000 Â g for 15 min, the precipitated proteins were collected and dissolved in 20 mM phosphate buffer (pH 6.8) containing 0.15 M NaCl. The solution was applied onto a Superdex 200 column (1:0 Â 30 cm, GE Healthcare Life Science, Piscataway, NJ) equilibrated with 20 mM phosphate buffer (pH 6.8) containing 0.15 M NaCl, and was eluted with the same buffer. The active fractions were pooled and used to determine enzyme properties. The purity of the protein was confirmed by SDS-PAGE 23) followed by Coomassie Brilliant Blue R-250 (CBB) staining. The amount of protein was measured using a BCA Protein Assay Reagent (Thermo Fisher Scientific, Waltham, MA) with BSA as standard.
Peptide sequence identification. The protein band in the SDS-PAGE gel corresponding to the enzyme of interest was excised and subjected to trypsin digestion as described by Kawamura and Uemura.
24) The digested peptides were applied to a Magic C18 AQ nano column (0:1 Â 150 mm, Michrom BioResources, Auburn, CA) in an Advance HPLC system (Michrom BioResources) that had been equilibrated with 0.1% formic acid (v/v) in acetonitrile, and was eluted using a linear gradient of 5-45% (v/v) acetonitrile at a flow rate of 500 nL/min. Mass analysis was performed with an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Waltham, MA) with Xcalibur software Ver. 2.0.7 (Thermo Fisher Scientific). Peptides were identified by MASCOT MS/MS ion search (http://www.matrixscience. com/home.html) in error tolerance mode (one amino acid substitution allowed) by reference to the NCBI database. The search parameters were as follows: taxonomy, all entries; max missed cleavages, 0; fixed modifications, carbamidomethyl; peptide tolerance, AE5 ppm, fragment mass tolerance, AE0:6 Da.
Cloning of the UAM gene. A putative CrUAM gene was found in the Chalmydomonas genome DNA (accession no. XM 001693633). Total RNA was extracted from C. reinhardtii cells with an RNAeasy plant mini kit (Qiagen, Hilden, Germany). cDNA was synthesized from 1 mg of total RNA with a Prime Script II 1st strand cDNA synthesis kit (Takara Bio, Tokyo). The gene encoding CrUAM was amplified by PCR using 5 0 -CATTCATATGGCCGCTCCTCTCGCT-3 0 (NdeI site underlined) as forward primer, 5
0 -TATAGCGGCCGCTTACGCAG-TCTTGGCAGGG-3 0 (NotI site underlined) as reverse primer, and synthesized cDNA as template. DNA fragments amplified by PCR were digested with the restriction endonucleases of NdeI and NotI and ligated into plasmid pET 24a (Takara Bio, Tokyo), previously treated with NdeI and NotI.
Expression and purification of recombinant CrUAM. Overexpression of CrUAM in E. coli was performed as described previously. 18) E. coli cells carrying the pET 24a/CrUAM were grown at 37 C and further cultured at 25 C for 3 h in the presence of 0.1 mM isopropylthio -D-galactopyranoside. The cells were harvested and sonicated to solubilize the cytosol proteins. To purify the recombinant CrUAM, soluble proteins were subjected to two iterations of column chromatography using a Butyl Toyoperl 650-M column and a Superdex 200 column, as described above.
Results
Purification of UAM from C. reinhardtii cells High levels of UAM activity, equivalent to 84% of total activity, were detected in the cytosol fraction (100;000 Â g supernatant) of C. reinhardtii. Activity was also detected in the cell-wall and microsome fractions (100;000 Â g pellet) ( Table 1) . Cytosol fractions showing UAM activity were subjected to ammonium precipitation followed by two applications each of hydrophobic and size-exclusion chromatography to purify the protein responsible for the observed activity (Fig. 1) . UAM activity was found in fractions 90-100 of the Butyl Toyopeal 650-M column when eluted with 20 mM phosphate buffer (pH 6.8) in the absence of ammonium sulfate (Fig. 1A) . UAM activity was found in fractions 37-41 following size-exclusion chromatography (Fig. 1B) . The proteins in these fractions were separated by SDS-PAGE, and the resulting gels were stained with CBB (Fig. 2) . A single protein band was observed with a molecular mass of 39 kDa, consistent with the molecular mass calculated from the amino acid sequence (lane 4, Fig. 2 ), although size-exclusion chromatography indicated a molecular weight of 700 kDa. CrUAM was purified 94-fold at a yield of 0.75% from the cytosol fraction ( Table 2 ). The yield of UAM was decreased by the Butyl Toyoperl 650-M column (Table 2) . Perhaps it removed substance required for enzyme activity, such as a co-factor. Properties of the native and recombinant CrUAM Mass analysis indicated that purified enzyme was a single protein whose amino acid sequence was similar to that encoding UDP-Glc: protein transglucosylase (accession no. XM 001693633), also known as RGP which is identical to UAM. The enzymatic properties of the recombinant CrUAM produced in E. coli were compared to those of native CrUAM. The recombinant CrUAM was stable and maintained sufficient enzyme activity after repeated freeze-thaw cycles and storage at 4 C for 2 weeks. Because UAM is the same protein as RGP, the purified CrUAM was evaluated for RGP activity. When presented with UDP-[
14 C]Glc, both the native and the recombinant CrUAM incorporated [
14 C]Glc, indicating that both enzymes have autoglycosylation activity (Fig. 3) .
UAM catalyzes the interconversion of UDP-Araf and UDP-Arap. At equilibrium, approximately 96% of the available UDP-Araf is converted to UDP-Arap. The native CrUAM exhibited the highest activities for UDPAraf and UDP-Arap formation at pH 5.5 and 6.0 (Fig. 4A) and at pH 5.0 and 6.0 (Fig. 4B) respectively. The optimum temperature for both reactions was 65 C (Fig. 4C, D) . Enzyme activity was constant for 30 min at 60 C, and was decreased to 24.5% by incubation for 60 min at 60 C (data not shown). The optimum pH for both UDP-Araf and UDP-Arap formation by recombinant CrUAM was pH 6.0 (data not shown). The optimum temperature for recombinant CrUAM was 60 C (data not shown). Thus no differences in optimal pH or temperature were observed between the native and the recombinant CrUAM.
Substrate saturation kinetics of CrUAMs
The effect of the substrate concentration on the activities of the native and the recombinant CrUAM was also examined. The K m and k cat values were calculated via Lineweaver-Burk plot, confirming MichaelisMenten enzyme kinetics in the presence of UDP-Arap or UDP-Araf as substrate (Fig. 5, Table 3 ). The k cat =K m of the native enzyme for UDP-Araf (UDP-Arap formation) was about 56-fold higher than that for UDPArap (UDP-Araf formation). This indicates that CrUAM favors the catalysis of UDP-Arap formation over UDPAraf formation. The k cat =K m values of native CrUAM were much higher than those of recombinant CrUAM (Table 3) , particularly with respect to affinity for UDP- Arap. The apparent K m value of the native CrUAM for UDP-Araf was similar to that of the recombinant enzyme. In contrast, the apparent K m value of the recombinant enzyme for UDP-Arap was 28-fold higher than that of the native enzyme. These results indicate that the native CrUAM shows higher affinity for UDP-Arap.
Discussion
UAM plays an important role in the formation of UDP-Araf, a precursor of the arabinofuranosyl residues found in cell-wall polysaccharides. In the present study, about 8% of the total CrUAM activity was detected in the microsomal fraction of C. reinhardtii cells (Table 1) , although abundant CrUAM was also detected in the cytosolic fraction. While most RGPs have no transmembrane domain and are localized in the cytosolic fraction, some are localized in the Golgi membrane. 20) We speculate that Golgi peripheral UAM interacts with a UDP-Araf transporter and arabinosyltransferase to form arabinofuranosyl residues. The function of the CrUAM localized in the membrane fraction remains unknown.
Purified OsUAM is thought to exist as an approximately 460-kDa complex composed of UAM1, 2, and 3, as determined by size-exclusion chromatography and proteomics analysis.
18) The three subunits are hypothesized to be coded by three corresponding genes: OsUAM1, 2, and 3. Individual expression of OsUAM1 and UAM2 in E. coli results in homo-hexamers. 25) These suggests that UAM forms homo-and hetero-complexes. In the presents study, the molecular weight of CrUAM was determined to be 39 kDa by SDS-PAGE and about 700 kDa by size-exclusion chromatography (Figs. 1 and  2 ). LC-MS/MS analysis of the protein band obtained by SDS-PAGE was indicative of CrUAM. Thus functional CrUAM formed a homo-complex from 18 subunits.
The native and the recombinant CrUAM were radioactively labeled by incubation with UDP-[
14 C]Glc (Fig. 3) . RGPs are thought to initiate the biosynthesis of cell-wall polysaccharides such as xyloglucan, 21) but there have been no reports confirming the hypothesis. In addition, neither xyloglucan nor xylan has been detected in the cell wall of Clamydomonas species. Therefore autoglycosylation in CrUAM, an ortholog of RGP, may be essential for the ring conformation conversion of pyranose to furanose, rather than an initiator.
UAMs are widely distributed and show high homology in amino acid sequence. CrUAM and OsUAM share 86% of their amino acid sequences. We found that CrUAM favors the catalysis of UDP-Arap formation over UDP-Araf formation (Table 3 ). This is in accord with a previous observation, that OsUAM has a higher affinity for UDP-Araf than for UDP-Arap and hence favors UDP-Arap formation.
18) The enzymatic properties of CrUAM are similar to those of OsUAM, which suggests that the functions of UAM are similar in aquatic and terrestrial plants. We also found that the affinity of the native enzyme for UDP-Araf was similar to that of the recombinant enzyme, while the affinity for UDP-Arap differed significantly (Table 3) . Note, however, that no significant difference was observed between the k cat values of the native and the recombinant CrUAMs.
UDP-Araf is required as substrate in the biosynthesis of cell-wall polysaccharides containing arabinofuranosyl residues, but much UDP-Araf has not been detected in plant extracts, despite the presence of UAM in the cells. UDP-Araf formation via UAM might be regulated in the cells by increasing the affinity of UAM for UDP-Arap when UDP-Araf is required. There are reports describing control of enzymes by altering affinities for substrates. Sucrose synthase (SuSy) is a cytosolic protein that catalyzes the interconversion of sucrose and UDP to and from UDP-Glc and fructose. The UDP-Glc produced by SuSy is a substrate for cellulose synthase and for glucosyltransferase, the latter of which is involved in the biosynthesis of cell-wall polysaccharides. The reaction by SuSy favors sucrose formation in wild-type SuSy, but phosphorylation of SuSy by protein kinase increases the apparent K m and k cat /K m values. 26) The affinity for sucrose as substrate (UDP-Glc formation) is enhanced by phosphrylation of Ser at the N-terminus of SuSy. 26) In a study by Testasecca et al., 27) a P-serin antibody that recognizes a phosphorylated serine residue recognized RGP in Solanum tuberosum (StRGP) after RGP was incubated with protein kinase in the presence of ATP, indicating that StRGP is phosphorylated. This data suggests that UAM activity in the cell may be regulated by a modification such as phosphorylation. Furthermore, native CrUAM showed a higher affinity for UDP-Arap than recombinant CrUAM did (Table 3 ). An increased affinity for UDP-Arap might be caused by post-translational modifications that occur in eukaryotes but not in prokaryotes.
Proteomic studies have revealed candidate glycosylation and phosphorylation sites in the CrUAM amino acid sequence (data not shown). Our future research will focus on elucidating the mechanisms of regulation of CrUAM activity as a first stage in the biosynthesis of arabinan or polysaccharides containing arabinosyl residues.
